The time decay of the thermoremanent magnetization(TRM) of the Fe 80−x Ni x Cr 20 (14 ≤ x ≤ 30) alloys has been measured for four different magnetic phases within the fcc γ-phase using a SQUID magnetometer. In the spin-glass phase(SG)(X=19) very distinct ageing effects are observed where M(t) can be described as M (t) = M 0 (t/t w ) −γ exp[−(t/τ ) 1−n ] for the entire time domain. In the reentrant spin-glass(RSG)(X= 23 and 26), M(t) can be better represented by the stretched exponential with an addition of a constant term which can be well explained by the Gabay-Toulouse(GT) model.
is far more reasonable and common than the conventional Debye exponential form(β = 1).
In fact, this kind of relaxation had been observed for a wide range of phenomena and materials. 9 In 1970, Williams and Watts 10 postulated similar functions for dielectric relaxation (β = 0.5). In a review article Jonscher 11 summarized the experimental evidence on the frequency, time, and temperature dependence of the dielectric response for a wide range of solids. He also found a universality of dielectric behaviour and proposed a generalized approach of many-body interaction. The structural relaxation rate, in the case of liquid to glass transition, can be expressed as a stretched exponential (2/3 < β < 1). 12 Also the validity of this functional form for the relaxation of TRM in SG has been reported by a large number of investigators. 
where λ is the effective time and µ is an exponent smaller than 42 We have also measured linear and non-linear ac susceptibilities for the sample X=23 to resolve this controversy.
II. EXPERIMENTAL PROCEDURE
All these ternary alloys were prepared by induction melting in argon atmosphere. The starting materials were of 99.999% purity obtained from M/s Johnson Mathey Inc., England. The alloys were cut to the required size, homogenized at 1323 K for 100 h in argon atmosphere, and then quenched in oil.
Chemical analysis of Ni and Cr shows that the compositions of the alloys are within ±0.5
at. % of their nominal values. X-ray diffraction data at room temperature in powdered samples reveal that these are single-phase fcc (γ) alloys with the lattice parameter a=3.60
Neutron diffraction data show the presence of single-phase fcc (γ)structure down to 2 K for X=19 alloy.
The two most essential ingredients of SG are "frustration" and "quenched disorder" which manifest themselves in history dependent phenomena and eventually lead to nonequilibrium behaviour below T g . 43 To study the relaxation dynamics, we applied a small magnetic field (10 gauss) at a temperature greater than the characteristic temperatures (T g , T c , T N ) , cool (t c = cooling time ) the system to a temperature T m which is less than the characteristic temperature. This field-cooled system will attain a metastable state (which is not an equilibrium state), 14,44 then after waiting for definite amounts of time t w ( t w varies from 60 to 3600 s ) the magnetic field is removed, the system allowed to relax towards equilibrium state and then TRM measured with time (till ∼ 10 4 s) using a SQUID magnetometer (Quantum Design MPMS). To see the effect of temperature, we also measured TRM at several temperatures, T m , both above and below the characteristic temperatures for constant wait time, t w = 180 s. We have very carefully subtracted the background noise. We repeated the experiments and obtained similar results within the experimental error.
III. RESULTS AND DISCUSSION
We observe remarkable results of ageing effects in the SG where each isotherm strongly depends upon wait time t w (time of exposure in magnetic field below T g ). The magnetization can be well represented by an equation of the form
for the entire time domain. This is a simpler version of the earlier prediction of scaling analysis of ageing process 35, 34 (Eq. (2)). Instead of t they used λ which is a function t and t w and λ → t for t << t w . But we find that the Eq. (4) is valid for the entire time domain.
Ogielski 32 predicted similar analytical form to describe the spin autocorrelation function in SG at all temperatures above T g . However other investigators 13, 16, 17, 45 found only the stretched exponential form for the decay of TRM for the SG phase. We observe in the RSG the best representation of TRM is
The additional small term M 1 can easily be explained in the framework of the GT model 42 where only transverse spin freezing occurs in the RSG while the longitudinal spins can produce diffuse background effect. Similar expression also reported for the decay of TRM in SG as well as in RSG. 46 They did not find any difference between the RSG and the SG phases. We find that Eq. (5) This is the only experimental report which presents a complete scenario of the relaxation spectrum in various kinds of interesting magnetic phases and throws new light on this area of interest to theoreticians as well as experimentalists . Figure 1 shows the time decay of TRM, M(t), for different wait times (t w = 60, 240, 1200, 1800, 3600) below T g (12 K) (T m = 5 K) for the SG (X = 19) and the solid lines are the best fits of the experimental data to Eq.(4) for almost four decades of time (till 12,000
. We have purposefully plotted our data on linear time scale because if we plot on log scale, for longer time interval, the plot will contract and the fits will apprently look better. However, goodness of fit is better judged from the value of χ 2 . From these fits, the value of the initial TRM, M 0 , the characteristic time constant, τ , and the exponents, n and γ, are found. The most significant feature of this analysis is that M 0 (≈ 0.04 emu/g) is not varying with t w 13,14,35 while the exponent, n, gradually increases with the increase of t w . This indicates that larger time exposure in magnetic field below T g makes the system more reluctant to come back to an equilibrium state from a metastable one. Other investigators 13, 14 reported n independent of wait time but we found that it varies from 0.63 to 0.77. The power law exponent, γ, remains constant (0.022 ± 0.004) except t w = 60 s where γ is 0.03. Figure 2 shows the variation of TRM , M (t), with time for different temperatures at constant wait time (t w =180 s). From the best fit to Eq.(4) the temperature variations of n, M 0 , τ , and γ are found which broadly match with the previous observations. 13, 14, 35, 45 The value of n increases linearly from 0.8 to 0.9 from 0.5T g to T g and then it starts falling beyond T g (Fig. 3) . It is reported that n remains constant at lower temperatures and then starts rising from a temperature T =T 0 , which strongly depends on the anisotropy energy of the sample 16 and hence can vary from sample to sample. Non-availability of lower temperature data(less than 0.4T g ) prevented us from verifying the constancy of n. The prefactor, M 0 , shows (Fig. 3 ) a linear decrease with increasing temperature for T < 0.75 T g and the rate of decrease becomes slower for T > 0.75 T g , which is in good agreement with the earlier findings. 13 The power law exponent γ increases with the increase of temperature up to 0.75 T g . At T g and beyond it starts decreasing with temperature (Fig. 3) . It is difficult to tell exactly the temperature from which it has started falling , but earlier prediction was that it should increase as one approaches T g . 35 Figure 4 shows how the inverse of the characteristic relaxation time τ decreases with the increase of the reduced temperature T g /T, as observed by Alba et al. 35 It also reflects the general tendency observed by others. 14, 45 Fewer number of data points prevents us from finding the functional form. Apparently, to check the exponential form as predicted earlier 14 we need to probe even at lower temperatures. We can try to explain the variation of τ with temperature by considering hierarchically organized metastable states in phase space These values are much less than those predicted earlier. (Fig. 7) . This is not observed in the SG phase but the variation of n is similar. We also observe that M 1 , which is arising because of the presence of the FM ordering, 42 is not changing at all with wait time and the values of M 1 are 84% to 94% of the total magnetization depending on wait time (total magnetization changing with wait time). It is quite natural that if the ferromagnetic component is embedded in the SG phase, then the major contribution of the total magnetization should come from the ferromagnetic component. Figure 8 (Fig. 9 ). This is above the error bar which is less than 1 %. The size of the symbol (Fig. 9) is of the order of the error bar. The value of the exponent shows anomaly near two temperatures, 22 K and 35 K, which are nothing but T g and T c , respectively. i.e., even at very high magnetic fields the orientation of these domains with the direction of the applied field is not complete because of the presence of strong anisotropy. Near T c the correlation between finite domains gets disrupted. Just above T c , the domain magnetization still remains but the domains become less viscous and they try to orient themselves along the direction of the applied field, thus increasing the magnetization. Further increase of temperature randomizes the whole spin orientation. We repeated the experiment to confirm this unusual observation and found similar behaviour.
In general the non-linear magnetization in the presence of a magnetic field(h), can be written as m = m 0 + χ 0 h + χ 1 h 2 + χ 2 h 3 + ...., where m 0 =spontaneous magnetisation, χ 0 linear-and χ 1 , χ 2 , etc., are nonlinear susceptibilities, and h = h 0 Sin ωt for a.c field. In SG where no spontaneous magnetization exists, only odd harmonics of the susceptibility will be present. 50, 51 We observe that the out-of-phase part of the linear a.c susceptibility (χ The distinct peak near T g for X=23 is consistent with the theoretical predictions. 51,52 χ 1 (∂ 2 m/∂h 2 , 2nd harmonics) also shows a distinct peak near T g (Fig. 10 ) which is never observed in pure SG, including X=19. This indicate the presence of a ferromagnetic component in RSG down to the lowest temperature. So, we find that the RSG shows the SG transition and also the presence of FM ordering below T g . This distinguishes it from the SG. Detailed studies of ac susceptibilities in FeNiCr alloys will be published elsewhere.
The sample with X=26, below 56 K , enters a FM phase from a random PM phase.
On further lowering of temperature below 7 K it enters a RSG phase. decreases at a faster rate up to 20 K and then continues to decrease slowly till 60 K (Fig.   12 ). We have not observed the local maxima above T c as in the case of X=23. To observe this we need to probe at a temperature closer to T c (56 K). The exponent, n, increases abruptly when the system undergoes a phase transition from the RSG to the FM at 7 K.
Then it starts to decrease up to 20 K and beyond this again increases till 50 K. Further increase of temperature reduce the value of n and the system passes from the FM to the PM phase (Fig. 12) . The variation of n is not well understood, specially the dip around 20 K.
Interestingly, we have also observed around this temperature some striking features in the low-field magnetoresistance and a.c susceptibility measurements.
wide open for further work. We also observe that at higher temperature (T≥30 K, much higher than T g ) M(t) data, show better fits to the power law compared to the stretched exponential (Eq. (5)). For X=23, we observe similar behaviour for T ≥ T g . Figure 13 shows the variation of TRM with time at 5 K in the FM phase (X=30) for different wait times (t w = 240, 1380, 1980, 3780 s). We find that
is the best fit of the experimental data (solid lines in the graph) and from the fits (χ 2 ≈ 
10
From these fits the value of M 0 and γ are obtained (Table I) . M 0 (≈ 0.00206 emu/g) does not change with wait time whereas γ decreases with the increase of wait time (0.0044 to 0.0038). Figure 15 shows the time decay of TRM, M(t), at different temperatures for constant wait time (180 s) and the solid lines are the power law fits from which the value of M 0 and γ are found (Table III) . The value of M 0 decreases linearly with the increase of temperature up to T N (0.0015 emu/g at 24 K) and then suddenly falls to a much lower value (0.00012 emu/g at 30 K) as shown in Fig. 16 . The exponent, γ, increases with temperature and the rate of increase changes somewhat when it passes to the PM phase (Fig. 16) . In case of the AF phase we need not add any constant term (unlike the FM phase) and the value of the exponent is an order of magnitude lower than that in the FM phase. We also observe that the stretched exponential function, Eq.(1), shows reasonably good fits to the TRM in the AF phase. The value of the fitted parameters and the χ 2 are given in Table II and IV. The value of the exponent, β, is almost two orders of magnitude smaller than that in the SG phase (0.004 and 0.37, respectively). It increases monotonically (Table IV) . So, we find that the M(t) data for AF fit well to both the power law (Eq. (7)) and the stretched exponential (Eq. (1)). We have given the values of χ 2 in Table I -IV for comparison. They are comparable for both the above mathematical forms.
Hence it is difficult to describe the exact nature of the decay of the TRM in the AF phase.
More experimental work is needed to arrive at a more definite conclusion.
IV. CONCLUSION
We have measured the TRM in Fe 80−x Ni x Cr 20 (14 ≤ x ≤ 30) alloys for four different magnetic phases within the same crystallographic phase and from their wait time and temperature variations tried to establish a correspondence with the phase diagram. We find distinct differences between the SG and the RSG phases with two different analytical forms for the time decay of the TRM. We also observe the presence of the FM ordering in the RSG below T g which is consistent with the GT model. The peak in χ 1 near T g for RSG (X=23) had never been observed in any pure SG, including X=19. The peak can only be observed if spontaneous magnetization is present. Hence we confirm the presence of the FM ordering in RSG down to the lowest temperature. This feature distinguishes the RSG from the SG. We also report the remarkable observation of the local maximum of the TRM just above T c in the RSG (X=23) when it passes to the PM phase from the FM phase. This is found for the first time in any polycrystalline RSG. However, it's exact theoretical justification is unclear. We also observe that the value of the exponents show anomaly near the phase transitions. We observe some different features in the samples X=23 and X=26, though they undergoes similar kinds of phase transitions. We find the conventional power law decay in the FM phase. The value of the magnetization is found to increase with the Ni concentration, as predicted earlier. In the AF phase the power law decay is indistinguishable from the stretched exponential as a description of the TRM. More experimental work is needed to arrive at a more definite conclusion about the decay of TRM in AF. Technology, Government of India, is gratefully acknowledged.
